disordered protein domains. Using RNP granules as an example, we provide evidence for an 23 assembly mechanism of large cellular structures wherein specific protein-protein or protein-24 RNA interactions act together with promiscuous interactions of intrinsically disordered regions 25 (IDRs). This synergistic assembly mechanism illuminates RNP granule assembly, and explains 26 why many components of RNP granules, and other large dynamic assemblies, contain IDRs 27 linked to specific protein-protein or protein-RNA interaction modules. We suggest assemblies 28 based on combinations of specific interactions and promiscuous IDRs are common features of 29 eukaryotic cells. 30
INTRODUCTION 32
Eukaryotic cells contain a variety of non-membrane bound RNA-protein assemblies, 33 collectively referred to as RNP granules. Such RNP granules include the nucleolus and Cajal 34 body in the nucleus, as well as stress granules and P-bodies in the cytosol (Spector, 2006) . RNP 35 granules are generally highly dynamic, as judged by FRAP of their protein components, and 36 exhibit liquid-like behaviors, such as flowing, fusing, and rapid reorganization of internal 37 components (Brangwynne, 2013; Brangwynne et al., 2009 ). RNP granules are thought to 38 assemble through a process referred to as liquid-liquid phase separation (LLPS) wherein RNA 39 molecules provide binding sites for RNA binding proteins that interact with themselves or other 40 RNA binding proteins to create a larger multivalent assembly ( Tourriere, 46 2003 ). Since these interactions require folded protein structures and/or extended linear motifs 47 that interact in a stereospecific manner, we refer to these interactions as specific interactions. 48
49
The IDRs of RNA binding proteins have been highlighted as drivers of RNP granule 50 assembly for three reasons. First, genetics indicate that IDRs can be important for assembly of 51 5 some IDRs interact in a specific manner involving local regions of secondary structure. For 76 example, there is a correlation with how mutations in hnRNPA2 affect binding of its C-terminal 77 disordered domain to beta-strand rich hydrogels, and the recruitment of those hnRNPA2 78 domain variants to LLPS of wild-type hnRNPA2 (Xiang et al., 2015) . Similarly, a locally formed -79 helix in TDP-43 can mediate LLPS through homotypic interactions (Conicella et al., 2016) . 80
Finally, it is likely that a subset of IDRs are also promiscuous RNA binding proteins since they 81 can be rich in positive charges, some IDRs can cross link to mRNA in vivo , and some IDRs can 82 bind RNA in vitro Lyons et al., 2014; Mayeda et al., 1994; Molliex et al., 2015) . 83 84 85
Given the promiscuous nature of IDR interactions, we hypothesized that such IDR based 86 interactions alone would be susceptible to other highly abundant proteins in cells, and 87 therefore insufficient to drive LLPS and the assembly of an RNP granule in vivo. In the context of 88 the protein-rich cellular environment other proteins would compete for binding to the IDRs and 89 thereby prevent their forming a defined assembly. Moreover, even the ability of some IDRs to 90 form specific local structure based interactions might be impaired by competition with other 91 proteins in the cell. Instead, to account for the contributions from both IDRs and specific 92 interactions to RNP granule assembly, we hypothesized that IDRs would reinforce assemblies 93 that contained specific assembly interactions. Effectively, specific interactions would 94 concentrate the IDRs and strengthen their interactions through additive binding energies 95 (Jencks, 1981) , either biasing their promiscuous interactions toward components of the 96 assembly, or promoting the formation of specific interactions between the IDRs. In this way, 97 IDR-based interactions could contribute to the energetics of assembly. 98 6 99 Here we provide several observations that RNP granule assembly gains selectivity from 100 specific protein-protein and protein-RNA interactions, and that promiscuous binding of IDRs to 101 proteins and possibly RNA enhances these assemblies. First, we observe that LLPS driven by 102
IDRs in vitro is inhibited by other proteins. Second, in cells we observe that IDRs of granule 103 components are often neither required nor sufficient to target proteins to RNP granules. Third, 104
we demonstrate that in vitro LLPS driven by specific protein-RNA interactions is enhanced by 105 adding promiscuously interacting IDRs, and the assembly of yeast P-bodies in cells is promoted 106 by nonspecific IDRs in conjunction with specific interactions. Thus, RNP granules assemble 107 primarily by specific interactions, which can be enhanced by IDRs capable of either 108 promiscuous, or weak specific interactions based on small structural elements that become 109 effective at high local concentrations. We suggest that this general assembly mechanism may 110 be shared by other macromolecular complexes rich in IDRs. 111 As the concentration of BSA increased, LLPS for both full-length SNAP-hnRNPA1∆hexa and 141 the SNAP-hnRNPA1IDR was inhibited (Figure 1B) . At higher BSA concentrations, we observed the 142 formation of aggregated hnRNPA1∆hexa and hnRNPA1IDR that contrast with the liquid droplets 143 seen in the absence of BSA ( Figure 1B) . As BSA concentrations increase, droplet sizes decrease 144 and no large droplets form ( Figure 1C) . Interestingly, by looking at a subset of droplets of 145 similar size across all BSA concentrations, we noticed that as BSA concentrations increased the 146 intensities of hnRNPA1∆hexa droplets decreased ( Figure 1D) . The distribution of areas was 147 approximately equal between samples (Figure 1D inset) . The partition coefficient of LLPS (the 148 ratio of protein within the concentrated phase versus within the dilute phase) is a measure of 149 the equilibrium between the two states. Therefore, we interpret this decrease in intensity to 150 mean that BSA shifts the phase separation equilibrium such that it is less favorable for hnRNP 151 A1∆hexa to exist within the concentrated phase. At higher BSA concentrations the equilibrium 152 shifts such that hnRNPA1 ∆hexa is below the critical concentration for LLPS. Thus, BSA is an 153 inhibitor of LLPS driven by hnRNPA1 or its IDR alone under these conditions. 154
155
To determine if this inhibitory effect is unique to hnRNPA1 and BSA, we examined how 156 BSA, lysozyme, and RNase A affected LLPS driven by the IDRs of hnRNPA1, FUS, or eIF4GII, all of . We observed that LLPS of FUSIDR (amino acids 1-237), 159 eIF4GIIIDR (amino acids 13-97), or the hnRNPA1IDR (184-320) ( Figure 1A) were also inhibited by 160 the presence of BSA, lysozyme or RNase A (Figure 2A) . 161
162
To more closely mimic the cellular environment, we examined whether IDRs or IDR 163 containing proteins could undergo LLPS in the presence of yeast lysate, which had been 164 previously depleted of small metabolites and exchanged into droplet-forming buffer via 165 desalting columns. We observed that LLPS of hnRNPA1∆hexa, hnRNPA1IDR, and FUS IDR are all 166 strongly impaired in yeast lysates, which contained approximately 10 mg/ml protein ( Figure  167 2B). Yeast lysates are our closest approximation of the cellular environment, and we find that 168 even lysates 1/10 th as concentrated as the cell (Milo, 2013) 
Competitor proteins inhibit LLPS in vitro by interacting with IDRs 173
174 What is the mechanism by which competitor proteins inhibit IDR-driven LLPS in vitro? 175
One possibility is that BSA, lysozyme, and RNase A share some specific property or structural 176 feature that inhibits LLPS of these IDRs. This is unlikely as BSA, lysozyme, and RNase A are 177 structurally unrelated, and vary in size (66.4, 14.3, and 13.7 kDa respectively) and pI (5.3, 11.35, 178 and 9.6, respectively). A second possibility is that any crowding agent will inhibit LLPS under (B) Fluorescent microscopy images of phase separated droplets formed at 37.5 mM NaCl by SNAP-hnRNP A1∆hexa, hnRNP A1IDR, and SNAP-FUSIDR, in the absence or presence of approximately 10 mg/ml yeast lysate.
these conditions. However, we observe that LLPS driven by hnRNPA1IDR is stimulated by the 180 crowding agents Ficoll and PEG, with phase separation occurring at higher ionic strengths and 181 lower protein concentrations than without crowding agents ( Figure S1A ) (see also Lin et al., 182 2015; Molliex et al., 2015) . 183
184
A third possibility is that these competitor proteins compete for promiscuous 185 interactions between IDRs and thereby disrupt LLPS. A prediction of this model is that at low 186 concentrations, insufficient to block LLPS, the competitor proteins would be recruited into the 187 phase separated droplets (due to interactions with the IDR). To test this possibility, we 188 examined the recruitment of fluorescent BSA or lysozyme into droplets formed by IDRs. At low 189 concentrations both proteins were recruited to IDR-driven droplets without disrupting the 190 assemblies. For example, at 500 nM concentration FITC-BSA was strongly enriched in droplets 191 of hnRNPA1∆hexa ( Figure 3A) . FITC-Lysozyme was also recruited (Figure 3A) . Similarly, droplets of 192 eIF4GIIIDR, hnRNPA1IDR, and FUSIDR all recruited both FITC-BSA and FITC-lysozyme ( Figure 3B) . 193
This suggests that these IDRs can interact with both BSA and lysozyme, consistent with the idea 194 that competitor proteins could compete with the weak interactions that mediate LLPS. 195
196
The above evidence suggests that competitor proteins can interact with IDRs, both 197 because these proteins are recruited into phase-separated droplets and because they inhibit 198 LLPS at higher concentrations. Since these proteins were chosen at random and have diverse 199 physical properties, and LLPS is also inhibited by metabolite-depleted cell lysates, we suggest 200 that IDRs by themselves are likely to be susceptible to such nonspecific interactions in the more 201 We hypothesized that IDRs in proteins that also make specific interactions could provide 216 promiscuous, nonspecific interactions that stabilize an RNP granule by acting together with the 217 specific interactions. By concentrating the IDRs through specific interactions, promiscuous IDR-218 based interactions are biased to other components of the assembly. In this model, specific 219 interactions and nonspecific interactions both donate binding energy that promotes LLPS. This 220 model makes two predictions that we first tested in vitro. and PTB, when the PTB was fused to either the FUS or Pub1 IDR ( Figure 4B) . PTB fused to either 242 IDR showed an increase in both the number and size of the assemblies visualized (Figure 4C) . 243 Therefore, weak interactions of IDRs can enhance phase separation in the presence of 244 (Figure 5B) . 264
However, the Lsm4 IDR was not sufficient for P-body localization ( Figure 5B) . Similarly, the IDRs 265 of Dhh1, Pop2, and Ccr4, were insufficient for recruitment to P-bodies ( Figure 5C) removed these IDRs from their full-length proteins, and found that deletion of the IDRs in Lsm4, 267 Dhh1, Ccr4 had little to no effect on their recruitment to P-bodies ( Figure 5B,C) . However, for 268 the already poorly localized Pop2, deletion of the IDR did have a noticeable impact on 269 localization ( Figure 5C ). Thus, the IDRs of Lsm4, Dhh1, Ccr4, and Pop2 are not sufficient their 270 recruitment into P-bodies, but may contribute in cases where recruitment is already poor such 271 as Pop2. 272 273
IDRs can enhance LLPS driven by specific interactions in cells 274
The observations above suggest cellular assemblies such as RNP granules may form with 275 assembly primarily driven by a set of specific interactions, with the prevalence of IDR regions in 276 such assemblies contributing either a second set of promiscuous nonspecific interactions that 277 would enhance assembly, or having specific interactions with themselves that require high local 278 concentrations to form. Reported observations suggest, however, that some IDRs noticeably 279 contribute to RNP granule assembly in genetic backgrounds that limit assembly. One example 280 of this phenomenon is the previous observation that the C-terminal IDR of Lsm4 is not required 281 for P-body assembly normally, but plays a role in a strain lacking the P-body scaffold protein 282
Edc3 (Decker et al., 2007) . 283
284
To determine if this may be a more general phenomenon, we examined how the C-285 terminal IDR of the yeast Dhh1 protein promotes P-body formation. In edc3∆ lsm4∆C yeast 286 strains, which lack visible P bodies, P-body formation can be partially rescued by the addition of 287 a single copy plasmid providing an extra copy of the Dhh1 gene, which through specific 288 15 interactions with RNA and Pat1 enhances P-body assembly (Rao et al., 2017, submitted) . 289
Overexpression of Dhh1 in an edc3∆ lsm4∆C background creates a cellular context where P-290 bodies are just above the threshold for assembly. Dhh1 also has a C-terminal P/Q rich IDR 291 (Figure 4) . To determine whether this C-terminal IDR contributes to P-body assembly, we 292 compared the ability of full length Dhh1 and a Dhh1∆IDR truncation (1-427), which lacks the C-293 terminal IDR (residues 428 to 506), to rescue P-body formation in an edc3∆ lsm4∆C strain. 294
295
We found that wild-type Dhh1 rescues P-body formation in the edc3∆ lsm4∆C strain, yet 296 the Dhh1∆IDR variant fails to do so (Figure 6A,B) , despite being expressed at levels similar to 297 the full-length protein ( Figure S2A ). This demonstrates that the C-terminal IDR of Dhh1, while 298 not required for P-body formation normally, can contribute additional interactions that 299 enhance the formation of P-bodies when granule assembly is partially impaired. the Dhh1-∆IDR construct (Figure 6B) . Additionally, 2 LEA-like protein (LEA Group 3like from 317 the brine shrimp Artemia franciscana, "LEA-G3," and LEA Group2like from the nematode 318 Steinernema carpocapsae, "LEA-SC") IDRs also rescued the assembly defect (Figure 6C) . 319
Addition of these IDRs does not cause appreciable assembly of large structures without glucose 320 deprivation (Figure S2B) , demonstrating these assemblies are indeed P-bodies and not a 321 different constitutive aggregate. These results argue that the Dhh1 IDR does not provide a 322 specific interaction necessary for P-body assembly, as it can be replaced with a variety of other 323 human IDRs. This result also demonstrates that multiple different IDRs can complement the 324 Dhh1∆IDR, consistent with promiscuous, nonspecific interactions of the IDRs contributing to 325 RNP granule assembly in conjunction with specific interactions. interact with a surface of Edc3 (Fromm et al., 2012 (Fromm et al., , 2014 . Thus, specific interactions between 345 RNA binding proteins play important roles in formation of P bodies and recruitment of 346 molecules into them. However, we have also shown that promiscuous interactions can play a 347 role in assembly. 348
18
A key contribution of this work is to provide evidence that at least some IDRs function to 350 promote RNP granule assembly both in cells, and in model biochemical systems, through weak 351 interactions that require being coupled to protein domains with specific interactions. First, 352 examination of the FUS, hnRNPA1, and eIF4GII IDRs reveal that they all interact nonspecifically 353 with generic proteins, and those proteins and yeast lysates disrupt their ability to undergo LLPS 354 in isolation (Figure 1&2) . However, when tethered to the PTB RNA binding protein, which phase 355 separates in the presence of RNA, promiscuous IDRs can promote LLPS, even in the presence of 356 competitor proteins (Figure 4) . Third, the C-terminal P/Q rich IDR of Dhh1 promotes P-body 357 assembly in yeast, and this domain can be replaced by the IDRs of human Lsm4, hnRNPA1, or 358 FUS, or by specific LEA proteins from brine shrimp or nematodes (Figure 6) . The contribution of 359 such IDRs to assembly is likely due to the ability of IDRs to promote LLPS through a variety of 360 weak promiscuous interactions including electrostatic, cation-π, dipole-dipole and π-π stacking 361
interactions Nott et al., 2015) , which would be enhanced through 362 effects analogous to avidity by coupled specific interactions of adjacent domains (Jencks, 1981) . 363 364 Additional evidence exists that LLPS can be driven by combined specific and non-specific 365 interactions. For example, even very high expression levels of hnRNPA1-Cry2 or DDX4-Cry2 366 fusion proteins do not phase separate in cells, unless the Cry2 protein is first triggered to 367 assemble through specific light activated interactions (See Figure 2B&C of Shin et al., 2016) . 368
This observation highlights how specific oligomerization domains can act cooperatively with 369
IDRs to promote LLPS in cells, and how some IDRs may be insufficient to undergo LLPS without 370 additional oligomerization elements. As an example of the importance of non-specific 371 19 interactions in promoting cellular LLPS, the C-terminal IDR of yeast Lsm4 can enhance yeast P-372 body formation, but it can be functionally replaced in this role by other IDRs (Decker et al., 373 2007) . Moreover, polyQ rich tracts, which are disordered IDRs capable of diverse interactions, 374 are prevalent in P-body components and RNA binding proteins (Decker et al., 2007; Reijns et al., 375 2008) , and can function in RNP granule assembly in A. gossypii (Lee et al., 2015) . Taken 376 together, we suggest that many IDRs on RNA binding proteins provide an additional layer of 377 nonspecific interactions, and those interactions can contribute to granule formation when they 378 synergize with more specific interactions to stabilize the macroscopic structure. 379
380
An important point is that, even when insufficient in themselves to promote LLPS, 381 promiscuous IDRs can decrease the critical concentration for phase separation driven by more 382 specific interactions. We demonstrate this phenomenon for phase separation of PTB and RNA 383 in vitro (Figure 4) , and for P-body assembly in vivo (Figure 6 ). This highlights that in a phase 384 diagram describing an assembly based on specific and promiscuous interactions, the addition of 385 promiscuous interactions can shift the system from an unassembled state to an assembled 386 state (Figure 7A,B) . 387 388 Not all IDRs will influence RNP granule formation in the same molecular manner. Some 389 IDRs will provide specific interactions through SLiMs (Jonas and Izaurralde, 2013) . Some IDRs 390 may also afford interaction specificity through formation of local structure, including amyloid-391 like cross-beta interactions, that could be important in biological contexts where RNP granules 392 need to be long-lived or mechanically stable (Boke and Mitchison, 2017; Kato et al., 2012) or - 
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Cells were grown at 30°C to OD600 of 0.3-0.5 in minimal media with 2% glucose as a 499 carbon source and with necessary amino acid dropout to maintain plasmids and express 500 constructs (See Supplemental File "Strains Plasmids and Antibodies"). Cells were stressed by 501 glucose deprivation for 15 minutes before cells were concentrated for immediate microscopic 502 examination at room temperature. All images underwent deconvolution using DeltaVision's 503 algorithm. 504
Images were quantified using FIJI. To optimize yeast colocalization accuracy, single plane 505 images were used and analysis were done in a blind manner. P-bodies were identified using 506 protein markers (either Dcp2-GFP, Edc3-mcherry). Corresponding enrichment of the construct 507 within the P bodies was then assessed manually. Manual assessment was required due to 508 differential strengths of cytoplasmic signals between cells arising from stochastic variation 509 and/or potentially different copy numbers of plasmids between cells. 510 511
Growth and Microscopy of Dhh1 Variants 512
To test the effect of Dhh1-IDR chimera on P-body recovery in the edc3∆ lsm4ΔC yeast (Strain 513 yRP2338), yeast were transformed with vector only or vectors containing GFP fusions of Dhh1 514 wt, Dhh1-1-427 and Dhh1-IDR chimera using standard yeast transformation protocols. Two 515 individual transformants were selected as biological replicates. The replicates were grown 516 overnight to saturation at 30 o C with shaking in SD-Ura media (minimal media), containing 2% 517 dextrose. The saturated cultures were re-inoculated into fresh SD-Ura media and grown to OD 518 = 0.4-0.5. The cells were pelleted and transferred to S-Ura media lacking dextrose and shaken at 519 26 30 o C for 10 min prior to microscopic analysis. For the unstressed conditions, the cells were 520 pelleted without glucose starvation. 521
Yeast were analyzed via fluorescence microscopy on the DeltaVision Elite microscope with a 522 100 X objective using a PCO Edge sCMOS camera. ≥2 images comprising of 9 Z-sections were 523 obtained for each replicate. Images were analyzed using Image J. Z-projections derived from 524 summation of the Z-sections with constant thresholding were used to count the number of 525 yeast cells with ≥1 GFP-positive granule, and the percentage of cells with at least 1 granule was 526 calculated. 527 528
Plasmid construction 529 530
The Dhh1-GFP gene fragment containing the Dhh1 promoter was PCR amplified using the 531 genomic DNA from the Dhh1-GFP yeast strain (yeast GFP collection) and BSR_DhhGFP416NF 532 and BSR_DhhGFP416NR primers. The Adh1 terminator fragment was clone using the primers 533 BSR_Adh1SacF and BSR_Adh1SacR. The Dhh1-GFP and Adh1 terminator fragments were 534 inserted sequentially into the XhoI and SacI digested pRS416 vector, respectively, via Infusion 535 cloning (Takara). The poly P/Q residues of Dhh1 (428-506 were deleted from the Dhh1-GFP 536 containing vector using primers, Dhh11-427F and Dhh11-427R via the Phusion mutagenesis 537 protocol (Thermo Fisher). Lastly, the intron-less IDR sequence for HsLsm4 was synthesized using 538 gBLOCK technology from IDT technologies. The IDRs were PCR amplified using primers, 539 BSR_427FUSF and BSR_427FUSR, BSR_427A1F and BSR_427A1R, BSR_427HsLsm4F and 540 PEG3350 (100 mg/ml) 37.5 mM NaCl 150 mM NaCl 
